PACS. 47.55Mh -Flows through porous media. PACS. 05.40+j -Fluctuation phenomena, random processes, and Brownian motion. PACS. 68.45Gd -Wetting.
Propagating fronts that are dynamically stable can still wrinkle due to noise and randomness in the medium in which they advance. They often exhibit roughness and long-range correlations, which are characterized by power law scaling of the height-height correlation function C(l) = [h(x) − h(x + l)]
2 ∼ l 2χ . Front propagation plays a vital role in a wide range of systems -from embryo growth and crack formation to astrophysics [1] , [2] .
A canonical experiment in which rough fronts are realized is that of stable displacement, fluid invasion into a porous medium [3] , [4] . There is a set of experiments which looked at the production of wrinkling by noise in the medium [5] - [8] . Recently, attention has been focused [7] on the particular case of paper wetting where strong wrinkling can occur. In the experiments described in [7] pinned, rough interfaces are created because of the joint effects of evaporation and the clogging of the paper by colloidal particles such as ink or coffee. An explanation of this roughening was given in terms of the KPZ model [9] of interface roughening in disordered media [7] .
Because KPZ-like models prescribe local dynamics, they cannot account for the nonlocality that arises in the full two-dimensional flow field in the simpler underlying system of a pure fluid invading into paper. Any location on the interface is connected to another via the fluid flow behind the front, so that nonlocal effects become important. Using the analog of statistical models, it was conjectured that the front should exhibit logarithmic wrinkling [4] . Indeed, a front of water that wets paper seems quite smooth to the eye. In this letter we report an experimentally detectable roughness only in the case of paper in which anisotropic, long-ranged fluctuations in local structure and density are apparent. Isotropic, homogenous paper gave no detectable roughness.
We then show rigorously that the nonlocality in the equation of motion for the interface leads to fronts that are not rough, so long as the disorder is mild, short-ranged and in homogenous paper. Long-ranged fluctuations, on the other hand, can induce roughness. The experimentally observed roughness is explained in terms of the anisotropy and long-ranged correlations in the disordered structure of the paper [10] .
Our main results are: a) The experimentally measured roughness of wetting fronts is small. In isotropic paper, it is below our detectable range. However, in highly anisotropic paper we measured a roughness exponent χ = 0.40 ± 0.03, significantly smaller than the KPZ dynamics would predict. b) The underlying physical picture is that of two-dimensional flow behind a moving front. It leads to a weakly roughened front where the roughness is proportional to the logarithm of the system size log(L). c) Power law correlations in the structure of the medium along the anisotropic direction, with strong decay perpendicular to it, can nonetheless lead to a finite roughness exponent. This accounts for the measured exponent in a).
The smooth flow of water in our paper wetting experiment should be contrasted with problems in which strong pinning effects completely block the propagation. In experiments on propagation of liquids with small particles and the presence of evaporation [7] fronts feature deep bays, peninsulas and overhangs, because of the interface pinning. In a second set of forced-flow experiments [8] the dynamics of the interface is determined by the pinning at the front, and transport occurs only due to the application of the external pushing pressure. That is the reason for the fact that in those experiments larger roughness exponents of ∼ 0.65-0.9 are observed. In our case of wetting by a pure liquid, there is no significant pinning, and the process is dominated by the physics of two-dimensional water flow and penetration.
In our experimental apparatus, a wetting front propagates horizontally in paper, with no evaporation. We used anisotropic paper (Wattman #91) and isotropic paper (Wattman #1). The results presented below are all taken from the Wattman #91 paper, since isotropic #1 gave no measurable roughness. The piece of filter paper was wedged between two 1.2ċm thick glass plates separated by 0.02 cm spacers. One end of the paper protruded, descending about 1 cm into a water trough. The experiment was initiated by filling this reservoir. The particular shape of a given front continued to vary as the front propagated. The roughness, on the other hand, attained a steady state once the front had propagated about one width L. Data was digitally acquired via a CCD camera and the front was automatically identified and stored for processing. The uncertainty in determining the position of the front was at the maximum of 50 mm (paper graininess) or 10 pixels (digitizing effects). Pretreatment of the paper (e.g. oven drying) increased the value of the propagation velocities. However, it also increased their statistical spread and was therefore avoided.
Four different enlargements of paper with a wetting front are shown in fig. 1 . The fronts propagate in anisotropic paper parallel to the effective fiber orientation. The pictures depict the central section of the system, with variable magnification. The bottom picture shows the noise on a microscopic scale -the level of a single fiber. At the macroscopic level the roughness is extremely hard to gauge by eye. The existence of strong orientational correlations in the paper is apparent in the intermediate enlargements. This anisotropy is a result of the manufacturing process of paper, and we chose this particular filter paper for its exceptionally strong anisotropy.
In fig. 2 we show a typical digitized front. The insert shows the profile at three different times in the steady-state regime. It shows that there is a systematic tilt which has to be corrected for. The tilt, as well as the more complicated biasing that arises in our system remain constant within an experimental run. The physical reasons for this kind of bias are not clear, but they might be related to boundary conditions [11] or to inhomogeneities in the experimental setup. This form of biasing will in general have an effect not only on large scales in the correlation function, but will be "inherited" by the lower scales as well. Notice that this is a general problem that exists in other measurements of roughness [12] , [11] , [8] . Its elimination is crucial for a reliable determination of χ.
To demonstrate the effect of this bias consider a linear bias added to a random walk. The resulting curve is h(x) = R(x) + Sx, with R(x) a random walk in x, and S a constant slope. The correlation function for the random walk is C R (y) = ay. It is obvious that the scale x c = a S 2 is a crossover of the total correlation function C h . Far below this scale the random walk is dominant, and χ = 0.5. Far above this scale, the correlation function scales with χ = 1. Subtracting this bias will reconstruct the random walk scaling at all scales. In our experiment the bias is more complicated, unknown beforehand and must be evaluated. This can be done by approximating the bias with a low-order polynomial, or by averaging it over many fronts within the same run. We found that the two methods yield similar results. Inaccuracy in the fit introduces an artificial cut-off, above which the correlation function levels off.
In fig. 3 we present the accumulated statistical evidence that χ = 0.4, combining data from two different systems of sizes L = 21 cm and L = 48 cm, using three fields of view that covered the central 2.5 cm and 17 cm in the L = 21 cm system, and the central 40 cm in the L = 48 cm case. We used average subtraction for the middle range (17 cm), and a polynomial subtraction for the other two. Going to the L = 48 cm did not enlarge our scaling range, due to stronger biasing from bending of the glass plates. A high-order (n = 5) polynomial had to be used for bias subtraction in that case, whose cut-off effect reduced the scaling range. In the smaller range (2.5 cm) a first-order polynomial sufficed to subtract the bias.
The topleft insert shows the bias in 10 different runs for the 17 cm system -profiles averaged over about 30 different times per run (thin lines). The thick curve is the average of the 10 thin lines, indicating a remnant parabolic trend. This systematic and symmetric effect is attributed to the boundaries. In analyzing the data we removed the average of each run from the corresponding data. After bias subtraction, the combined correlation function (shown in the main figure) scales with an exponent χ = 0.40 ± 0.03 throughout the range.
Similar results were obtained in Fourier space, where bias subtraction is equivalent to lowpass filtering. The bottom insert in the figure shows the average power spectrum before (upper curve) and after (lower curve) subtraction of the measured average bias. The corresponding roughness exponent is χ = 0.38 ± 0.03.
We turn to the theoretical interpretation of these results. The motion of fronts in a porous medium was extensively studied in the context of two immiscible fluids [3] . The basic physics of these phenomena is that of two-dimensional flow of water in the wet domain of porous media bounded by the moving front and the walls. The driving mechanism of the moving front are the capillary forces, that create a pressure jump P 0 on the air-water boundary. The velocity in a medium characterized by a spatially fluctuating local permeability κ(r) obeys Darcy's law: v = κ(r)∇P (r, t). The pressure field is obtained from the equations of continuity:
where P is the pressure. The boundary conditions are: 1) A fixed pressure P 0 along the moving boundary.
2) Zero pressure on the back end of the sample immersed in a fluid reservoir.
3) Zero normal flow on both sides of the sample. The interface velocity v is given by v =n · κ(r)∇P (r, t) ,
wheren is the normal to the interface. At long times, the front moves quite slowly, so even though wetting is not a steady-state phenomenon, the quasi-stationarity assumed in the above picture is justified. The velocity along the propagation direction isḣ = v y . For capillary invasion of water into paper the mean-squared position of the front obeys the following equations of motion: h 2 = P 0 κt = αt [13] . Thus, the mean interface position moves away from the source with a velocity decaying as 1/t 1/2 . These equations describe the viscous penetration of one fluid into another, in a HeleShaw geometry. If it were air displacing water, we would get the Saffman-Taylor fingering instability. Since we are in the opposite case with water displacing air, the system is in the hydrodynamically stable regime. Wrinkling of the front will then occur as a result of time-independent spatial disorder in the porosity κ(r), i.e. quenched noise. For a weakly wrinkled front one can write a linearized version of the water-air interface [3] . Let h(x, t) = k h k exp[ikx] be a Fourier expansion of the time-dependent shape of the front. A linear analysis of the problem shows that the k-th Fourier component of the front shape evolves aṡ
The motion of the interface over the random environment κ(r) leads to a time-dependent random noise term η k (t), i.e. annealed noise. The leading term is linear in the wave vector, in contrast with the case of an elastic interface, where the leading term is proportional to k 2 . The real space counterpart of this equation is nonlocal as a result of the flow field, while the equation of motion describing an elastic interface (such as the KPZ equations) is local. This difference is crucial in determining the roughness of the interface, as well as the time dependence of its shape.
For short-range correlations in space, one obtains
In two dimensions, the resulting roughness is logarithmic:
This confirms a comparison made in [4] , which equates this kind of flow with the anti-DLA model [14] , which exhibits logarithmic scaling. The quenched disorder κ(r) has two major effects on the interface dynamics. First, since the interface moves over the quenched disorder it encounters an annealed noise η k (t), included in the linear equation. Secondly, disorder in the wet medium behind the front modifies the flow field in a significant manner, and may also change the interface scaling. To test the full effects of the disorder we performed a simulation in two dimensions for the evolution of the interface. The model consists of a mesh of pipes with random local permeability and with boundary conditions on the interface analogous to those of the wetting process. Our simulations show that for mild quenched randomness in the local permeability the roughness remains logarithmic as in the linear approximation.
Why then are the measured interface profiles rough, with χ = 0.4? To understand the existence of non-logarithmic correlations we consider the existence of correlations in the structure of the paper itself. In ref. [10] correlations in the density of isotropic paper were measured, and it was found that the density correlation ρ(r)ρ(r + R) decays as R −α . Enlargements of the paper we used in the experiment (see fig. 1 ) show that indeed strong, anisotropic, orientational correlations are present in the structure, indicating corresponding correlations in the local permeability.
One can show that if this correlation were isotropic then the resulting roughness exponent in eq. (3) would be χ = (2 − α)/2. Using α = 0.37 from [10] , we would get χ ∼ 0.8. However, as noted before our paper is anisotropic, and a reasonable assumption is that correlations decay along the anisotropy axis as R −αa , while in the perpendicular direction the correlations are short ranged and decay exponentially. This leads to a roughness exponent χ a = 1−α 2 . To the best of our knowledge, this general mechanism for interface roughening has not been considered previously.
These theoretical results are consistent with the measured roughness exponent χ = 0.4 in our highly anisotropic paper, and indicate that α a = 0.2. It is interesting to note that in the case of a flow perpendicular to the anisotropy axis and with the same structural correlations, the same roughness exponent χ p = 1−α 2 is calculated. Measurement of the roughness exponent in flow perpendicular to the anisotropy direction indeed yields such results, albeit with lower amplitude and less statistical robustness than for the anisotropic direction.
In summary, these results are substantially different from previous work where pinning of the front is the main mechanism that defines the roughness [4] - [8] . Our system consists of a freely propagating wetting front where inhomogeneities in the paper play the key role in determining the shape of the front. The resulting roughness is small, and could be extracted by bias subtraction in the case of highly anisotropic paper. A theory based on viscous flow in an inhomogeneous medium with appropriate boundary conditions at the moving front accounts for our experimental observations. ***
